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vAbstract
Two phase flows inside minichannels is one of the most investigated research topic
at the moment for thermal control in space applications. Heat Exchanger with
capillary pipes must be, however, characterised and optimised. The measurement
of the flow rate parameters is fundamental to characterize the performances of
these devices. This thesis investigates how an optical technique, well-assessed for
large diameter pipes, can be applied to mini channels. A Y-junction monofiberglass
probe has been built, tested and calibrated on ground by means of a comparison
with other visualization technique for void fraction measurement. The accuracy
joined with a parameter that allows the intrusive effect of the probe to be evaluated
has been estimated at different flow patterns. In particular has been designed
the implementation of this optical system for void fraction measurement inside
minichannels to be mounted on board a sounding rocket (REXUS18), in order to
take measurements inside a Pulsating heat Pipe for future Space applications.
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Chapter 1
Introduction
The increasing number of two phase thermal devices for ground and space appli-
cations that exploit capillary phenomena, strongly need to be fully characterized
in order to make the design process more reliable. Measurement techniques of
parameters like pressure, velocity, temperature, mass flow rate are well assessed at
the moment even in capillary pipes. On the other hand, Void Fraction Measurement
(VFM) of two-phase flow in mini-channels is still a challenging issue in the case
visualization techniques (fast speed video couple with image post processing) cannot
be used. Up to now different VFM techniques have been developed and studied in
literature mainly on large diameter pipes: the quick-closing valve method which
traps the liquid inside the tube and measures his mass and volume; capacitance
probes are used too and exploit the capacity changes of two or more electrodes
due to the gas or liquid phase presence; X-ray absorption technique allows a beam
to pass through the cross section of the pipe and then the beam which passes it
is detected and measured. This method permits to compute the cross-sectional
void fraction; optical systems are really interesting and exploit the refraction index
difference between the gas and the liquid phase. Different shapes of probe tips have
been used, The most common are U-shaped tips, joined tips and true monofiber.
Among the VFM techniques the employment of optical fiber probes seems to be one
of the most interesting one, because they can be applied to opaque pipes of different
materials (metallic, plastic, glass), they are suitable for a large number of working
fluids and can be used with a very high sampling rate. Anyway there are also
some drawbacks: even if they have reduced dimensions, unfortunately they are an
intrusive measurement technique. In order to characterize the flow pattern a large
number of probes must be used in different points of the cross section of the pipe.
The aim of that the present work is to study the limitations and the accuracy of a
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fiber optic technique applied to capillary pipes to detect the two-phase flow pattern
over time. Besides an optical system has been implemented and configured, by
means of comparison with a visualization technique, for local VFM inside capillary
pipe section of a Pulsating Heat Pipe (PHP) for space applications to be mounted
on board REXUS18 sounding rocket. PHPs are two-phase flow innovative passive
thermal devices which exploit capillary dimensions of the tubes to dissipate huge
amount of heat and have low thermal resistances. In the first Chapter of this
work two-phase flows are presented. Main flow patterns are shown together with
main a dimensional numbers involving physical quantities which can help in the
prediction of the type of flow pattern which it is possible to deal with. Furthermore
a little review of flow pattern transition criteria are presented giving importance
to geometrical parameters involved in the characterization and the prediction of
flow regimes. In the second part different optical VFM methods are described
focusing on probe tip shapes. In the third Chapter the experimental apparatus is
presented. The true monofiber technique is used. The apparatus consists of three
main subsystems: the optical fiber system, the hydraulic circuit and the acquisition
system. The first one is composed by commercial light source and detector and a
low cost Y-junction, which connects the true monofiber to the acquisition system
and light source. The second one is composed by a liquid pump, a reservoir and
a closed loop one-way circuit divided into two main sections: the probe insertion
section and the visualization section (high speed camera). The pipe in the probe
insertion section is composed by a 2mm internal diameter copper tube while the
visualization section is composed by a 2mm internal diameter glass tube. Air is
inserted inside the circuit by means of a syringe and it is used to create bubbles
and simulate flow patterns. The acquisition system is composed by a commercial
open source device ARDUINO. A trigger is used to synchronize the analogue and
video acquisition signals. Images coming from video acquisition are post-processed
with MATLAB Software. The Y-junction is placed on a metering guide which
allows to change probe tip position inside the channel. The void fraction experi-
mentally detected by the optical probe inside the copper pipe has been compared
with that measured with the image acquisition system, showing a good qualitative
agreement on flow pattern detection. Considering image processing output it has
been detected an influence of mass flow rate on bubble detection. The effect of
threshold level, intended as percentage of voltage difference between maximum and
minimum analogue value, has been studied in order to understand which could
be the optimal value for the correct bubble detection. Local time-averaged void
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fraction has been computed by post processing the analogue signal and effects of
threshold level investigated. In addition effects of tip position inside the channel
have been evaluated on local void fraction and time-averaged too. Good results are
present if tip is places on centreline and at low flow rates. Tip position influences
bubble integrity and smaller tip dimensions could increase optical fiber technique
performances.
This thesis shows how fiber optic technique for void fraction measurement could
be applied to two-phase flows inside minichannels. It has been observed that this
method is efficient at low flow rates and actually the best solution, which provides
a good qualitative accordance between the analogue signal and the visualization
method, is to place the probe tip on the centreline of the pipe. High precision
tooling and procedures could permit the manufacturing of smaller diameter optical
fiber and so less intrusive probe tips.
Chapter 2
Two phase flows
2.1 Introduction
Two-phase flows are a particular case of multiphase flows. These are systems
cointaing the liquid and vapour phase of the same fluid, often separated by a
meniscus. One of the most common problem in studying multiphase or two-phase
flows is that often the behaviours of each flow is different from the other and so
it is necessary to create specific models and correlations for each specific case of
study. The complex nature of two or multiphase flow originates from the existence
of multiple, deformable and moving interfaces.
The first classification for Two - phase flows is the division into groups, following
the consideration of the three main phases present in nature:
1. gas - solid mixtures;
2. gas - liquid mixtures;
3. solid - liquid mixtures;
The second classification is based on interface structures and it is very difficult to
be defined.
It is recalled that single-phase flow can be classified according to the structure
of flow into laminar, transitional and turbulent flow. In contrast, two-phase flow
can be classified according to the structure of interface into several major groups
which can be called flow regimes or patterns such as separated flow, transitional or
mixed flow and dispersed flow. Another important difference is that for two-phase
flows is not possible to create formulation similar to those of the single-phase flow.
This means that the multi-phase flow physics, or in particular the two-phase one,
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has to be studied in terms of multi-scale problems. It is possible to identify 3 main
scale ranges:
• macroscale;
• mesoscale or miniscale;
• microscale
2.2 Gas - liquid mixtures
Differently from single-phase flows the transition criterion from which we can
predict the behaviour of the flow is not well defined yet. In fact in this last case
the transition between macro- to micro-scale is defined by the scaling effects. In
order to predict the behaviour of the fluid it is necessary to simplify the problem.
This is done by means of flow models:
1. the homogeneus flow model
2. the separated flow model
3. the flow pattern models
The first model approximates the two-phase flow to a single-phase one, having
pseudo-properties which derive from a suitable weightning of the individual phases.
The second one is based on the idea that the two phases are artificially separated
and in this way it is possible to write 2 set of equation, one for each phase and
then recombine them. The last model is the more sophisticated. The phases of
the fluid are considered to be arranged in one of the geometries, or flow patterns,
which are found when gas and liquid are toghether in a channel. The equations are
solved inside this idealized geometries. In order to apply this methods, which is
realted to a specific flow geometry, it is necessary to know when each of these can
be used and so when the transition from one pattern to another occurs. In order to
understand which could be the configurations inside a channel for two-phase flows
we will consider vertical co-current flows [3]. It is possible to identify 5 main flow
patterns:
• Bubbly flow : here the gas or vapour phase is distributed as discrete bubbles
in a continuous liquid flow. Although the bubble is discrete it doesn’t fill the
entire section of the tube channel and some times it could be misunderstood
with slug flow pattern;
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Figure 2.1: Flow patterns in vertical co-current flows
• Slug flow : the bubble of vapour or gas phase are approximately the diameter
of the pipe. The bubble is separated from the channel wall by a thin liquid
film. The liquid is present in form of slugs which separate the bubbles; some
times it is possible to identify either smaller bubbles in these liquid slugs;
• Churn flow : this is formed by the break down of large vapour bubbles in
slug flows. The vapour phase flows inside the liquid phase in a more chaotic
manner.
• Wispy - annular flow : this is formed by a relatively hgih amount of liquid
phase close to the channel wall and even inside a gas-phase channel core; the
liquid phase inside the core appears as an agglomeration, in terms of large
wisps, of large droplets;
• Annular flow : this configuration presents a long central bubble and a contin-
uous liquid film close to the channel wall;
The main flow patterns listed above are shown in Figure 2.1.
The type of flow pattern strongly depends on the type of regime it is present.
This last can be predicted by means of the study of important adimesional numbers
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Figure 2.2: Region of influence of physical phenomena
such as:
Bo =
g(ρl − ρv)D2
σ
We =
ρv2D
σ
Fr =
v
gL
Bo = Co2
where Bo is the Bond number and represents the ratio between the body forces and
the surface tension, We is the Weber number and represents the ratio between the
inertial forces and the surface tension and Fr is the Froude number and represents
the ratio between the inertial and the gravitational forces. The knowledge of these
numbers are useful to understand which is the physical phenomena dominating. As
shown in Figure 2.2 at low We and Bo the flux is dominated by the surface tension.
At low Bo and high We the inertial forces are predominant while the body forces
dominates at higher Bo and lower We.
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2.3 Capillary flow
2.3.1 Macro to micro scale transition criteria
The type of two-phase flow pattern in a channel depends on the respective dis-
tribution of the main phases. Macroscale to microscale phase change phenomena
are different and it is unrealistic to apply the two-phase flow pattern maps of
macrochannels to microchannels. This occurs because the hydrodynamics forces
such as inertia, viscosity, buoyancy and surface tension effects play all an important
role concerning liquid phase motion. Ong and Thome [1] proposed an approach
based on bubble confinement. This is based on the confined growth of a bubble
in small channels, where the surface tension becomes important as the maximum
bubble radius decreases with decreasing channel size and gravity. Different static
criteria, which give the macro-to-microscopica transition threshold, are given in
form of Confinement Number,Co:
Co =
1
D
√
σ
g(%L − %V ) (2.1)
where D is the channel size, σ is the surface tension and g the gravitational
acceleration. Kew and Cornwell set a threshold at Co = 0.5 where Co < 0.5 is for
macroscale and Co > 0.5 is for microscale. Brauner and Ulmann proposed to set
the threshold at Co = 0.2. A more detailed transition criterion has been proposed
by Li and Wang, who studied the channel size effect on two-phase flows regimes for
in-tube condensation. They recommended using the capillary lenght defined as:
lc =
√
σ
g(%L − %V ) (2.2)
They give the following condensation of flow regimes based on channel diameter
and can be compared with Figure 2.2:
• D < Dcrit: gravitational forces are insignificant compared to surface tension
forces;
• Dth < D < Dcrit: gravity and surface tension are of the same order;
• Dth < D: gravity forces are dominant and the flow regimes are similar to
macroscale flows.
where Dcrit = 0.224lc, named Critical diameter and Dth = 1.75lc, named Threshold
diameter. The Capillary lenght is related to the Confinement number by the
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Figure 2.3: (a) minichannel flow patterns and (b) microchannel flow patterns [4]
following relation:
lc = Co ∗D
Kawaji and Chung [4] suggested that two-phase flows in macro- and mini-
channels seems to have a morphological similarity. Schematics of minichannels and
microchannels are shown in Figure 2.3
Flow pattern transition and map
It is possible to find several experimental results in the literature concerning the
studying of flow pattern transitions. In this section a review of different cases is
reported. Flow pattern transiotion maps give the vapour quality level for having the
transition from a flow pattern to another at a certain flow rate. Vapour quality is
related to the local time-avaraged void fraction (ta) by a correlation which derives
from tha application of a specific model to the two-phase flow and so changes
depending on which model has been taken into consideration. In this case we will
consider the homogeneous flow model, which assumes that the velocities of the two
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phases are equal. The correlation is:
x =
(ρg/ρl) · ta
[((ρg/ρl)− 1) · ta]− 1 (2.3)
Vapour quality is very low with respect to void fraction. For example, considering
Ethanol, at Tsat = 30°C, with ta = 0.9 the corresponding vapour quality is
x = 0.0022.
Ong and Thome [1] have observed that for three different channel sizes:
• ID = 1.03mm
• ID = 2.20mm
• ID = 3.04mm
and considering 3 different liquids:
• R236fa
• R134a
• R245fa
it is possible to find different flow patterns. For example considering the 1.03mm
channel and for all the fluids, there have been observed 4 different regimes:
1. isolated bubble;
2. coalescing bubble;
3. wavy-annular;
4. smooth-annular;
For simplcity the third and the fourth one have been considered togheter. In
Figure 2.4 it is possible to observe the transition line, considering the Mass velocity
(kg/m2s) as a function of the vapour quality, which is defined as the vapour mass
fraction. Comparing this graph with the one shown in Figure 2.5 it is possible to
observe the differences between the transition lines as the Confinement number
is different in the two cases. In the first one Co=0.83, while in the second one
Co=0.27. In this last case there are three different regimes which are the ones we
observe in macrochannels:
1. plug/slug
2. coalescing bubble
3. annular
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Figure 2.4: Experimental flow pattern transition lines for R236fa, D = 1.03 mm channel at Tsat =31°C, Tin
=27°C and Co=0.83 [1]
Figure 2.5: Experimental flow pattern transition lines for R134a, D = 3.04 mm channel at Tsat =31°C, Tin =27°C
and Co=0.27 [1]
CHAPTER 2. TWO PHASE FLOWS 19
Figure 2.6: Flow pattern transition lines for R134a, Tsat = 31 °C, Tin = 27 °C and D = 0.50, 0.80, 1.03 and
2.20mm. [1]
2.3.1.1 Effects of geometrical and fluid properties
From these results it is possible to understand which are the effects of several
properties of the fluid and the channels. Considering Figure 2.4 and 2.6 it is
possible to see that the vapour qaulities which corresponding to the flow pattern
transitions tend to decrease as the mass velocity increases. The slug flow regime
has been only observed in the 3.04mm channel at low mass velocities and then
gradually suppressed at higher mass velocities. Besides the coalescing bubble is
more important at higher mass velocities. This means that the mass velocity plays
an important role concerning transition. Even the Channel Confinement is very
important. Referring to Figure 2.6 it is possible to see that, varying the channel
internal diameter and keeping the fluid and temperatures, when this decreases
the vapour bubbles grow and tend to coalescence in order to fill the channel cross
section, expanding in the direction of motion. This behaviour is similar to the larger
channel’s one. Fluid properties play an importan role too. Considering Figure 2.7
it can be observed the effect of changing the working fluid on the 2.20mm channel.
2.3.2 Flow boiling in macro-to-microchannels
Actually there are many uncertainities regarding which is the predominant heat
transfer mechanism in small channels. These have been classified by indipendent
researchers, who found out that it is possible to define four different categories:
1. nucleate boiling dominant because the heat transfer data were heat flux
dependent;
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Figure 2.7: Flow patterns and transition lines for R134a, R236fa and R245fa at Tsat = 31 °C and Tin = 27 °C
for the 2.20 mm channel. [1]
2. convective boiling dominant when the heat transfer coefficient depended on
mass flux and vapor quality but not heat flux;
3. both nucleate and convective boiling dominant;
4. thin film evaporation of the liquid film around elongated bubble flows as the
dominant heat transfer mechanism;
In particular Ong and Thome [2] studied the effect of channel confinement, flow
pattern, saturation temperature, inlet subcooling and fluid properties and compared
this results with the results they obtained studying the effects of fluid properties
on the transitions. Besides they investigate the macro-microscale evaporative two-
phase flow transition on Critical heat Flux (CHF). This value corresponds to the
condition for which the dryout in a heat tranfer device occurs. They studied the
same cases shown in Section 1.3.1.1. They found out that the channel confinement
affect significantly tha transition. In Figure 2.8 it is possible to see that the heat
tranfer conefficient in the isolated bubble regime were much lower in the 1.03mm
(Co = 0.83) case than in the 3.04mm (Co = 0.28), while the 2.20mm (Co = 0.39)
stands in between. The heat transfer coefficient shows a lower dependancy on
heat fluxes for channels with higher Co. Comparing Figure 1a and Figure 1c it
is possible to see that at higher vapour qualities the heat transfer coefficient is
almost the 30% higher in the 1.03mm channel with respect to the 3.04mm one.
Other important results have been carried out by keeping the channel size constant
(1.03mm) and changing the fluid properties, and so the fluid itself. These are shown
in Figure 2.9. In (b) and (c) it is possible to observe a decreasing heat transfer
coefficient trend in the isolated bubble and confined bubble flow regimes. Besides it
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Figure 2.8: Heat transfer coefficients for R236fa at Tsat = 31 °C: (a) 1.03 mm channel, Co = 0.83; (b) 2.20 mm
channel, Co = 0.39; (c) 3.04 mm channel, Co = 0.28.
Figure 2.9: Heat transfer comparison for R134a, R236fa and R245fa in the 1.03 mm channel
CHAPTER 2. TWO PHASE FLOWS 22
Figure 2.10: CHF comparison for R134a and R236fa in the 1.03, 2.20, 3.04 mm channels at Tsat = 31 °C: (a)
R134a and (b) R236fa
Figure 2.11: Effects of saturation temperature for R134a and R236fa in the 2.20 mm channel at Tsat = 25, 31, 35
°C: (a) R134a and (b) R236fa
is possible to observe a mild converging heat transfer trend in (a) at the annular
flow regime level. In (c), corresponding to higher Co, at higher vapou qualities, it is
possible to observe a steep converging heat tranfer coefficient trend. This indicates
the dominance of convective evaporation. The gradual suppression of the heat
flux effects and an increasing dominance of forced convection is due to the higher
channel confinement effects, as illustrated in the confinement numbers or the three
different fluids. Concerning CHF it was observed that it rises with increasing mass
velocity, see Figure 2.10, but decreases with increasing saturation temperature, see
Figure 2.11.
From the results coming from Ong and Thome [1, 2], it is possible to extrapolate
empirical relations with which we can predict the macroscale and microscale flow
patterns in the 0.5mm to 3.04mm channels. the proposed flow pattern map
includes the dependancies from dimensionless numbers which take into account
the dependancy on gravity, surface tension and inertia effects. The proposed flow
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transition lines are:
XIB→CB = 0.36(Co0.2)(
µv
µl
)0.65(
ρv
ρl
)0.9(Rev)
0.75BO0.25(Wel)
−0.91. (2.4)
XCB→A = 0.047(Co0.05)(
µv
µl
)0.7(
ρv
ρl
)0.6(Rev)
0.8(Wel)
−0.91. (2.5)
XSP→CB = 9(Co0.20(
ρv
ρl
)0.9(Frl)
−1.2(Rel)0.1. (2.6)
XSP→A = XCB→A (2.7)
where
Rev =
GD
µv
.
Rel =
GD
µl
.
BO =
q
GHlv
.
Wel =
G2D
σρl
.
F rl =
G2
ρ2l gD
.
Concerning the CHF correlation they proposed that:
qCHF
GHlv
= 0.12(
µv
µl
)−0.183(
ρv
ρl
)0.062(Wel)
−0.141(
Lev
D
)0.11(
D
Dth
) (2.8)
where Dth =
1
Co
√
σ
g(ρl − ρv) .
Transition lines related to equation of points 3 and 4 are used only in the case of
Co < 0.34.
Co Rev Rel Wel Frl
0.27− 1.67 8519− 452600 1567− 31387 0.58− 1247 0.24− 79.7
Table 2.1: Validity ranges for prediction methods
Chapter 3
Void fraction measurement
techniques
3.1 Introduction
Void Fraction is intended as the fraction of the channel volume that is occupied
by the gas phase. In two-phase flows void fraction is one of the most important
first-order geometrical parameters and therefore is closely related to the two-phase
flow regimes. It is really important to determine other parameters such as two-
phase density and two-phase viscosity and to predict flow pattern transitions, heat
transfer and pressure drop. It is possible to define [6] four main types of void
fraction measurements:
1. local;
2. chordal;
3. cross-sectional;
4. volumetric;
The local time-average void fraction local refers to that at a point (or a small
volume experimentally) and it is computed over a suitable time interval T. The
local instanteneous void fraction, the so-called local void fraction is provided by the
function (−→x , t):
(−→x , t) =
1 if gas phase is present.0 if liquid phase is present. (3.1)
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It is possible to define the so-called local time-avaraged void fraction defined as:
ta =
1
T
∫
(−→x , t)dt (3.2)
where T is the time period. The chordal void fraction αchordal is computed by
calibrating the different absorbtions of light by the two phase inside a channel which
is shined by a narrow radioactive beam. The cross-sectional void fraction αcross is
evaluated by an indirect approach such as an electrical capacitance which changes
the electrical response in time due to the changing of the dielectric of the medium.
This two last method’s quantities are computed with the following equations:
αchordal =
LG
LG + LV
(3.3)
αcross =
AG
AG + AV
(3.4)
where Li and Ai (i = V,G) are the lenghts and cross-sections through the liquid
and vapour phases. Similar to the previous equations there is the Volumetric void
fractionαvol which is sometimes computed by means of quick-closing valves placed
along the channel in order to confine the two-phases. The equation is provided by:
αvol =
VG
VG + VV
(3.5)
Considering the criterion flow pattern transition criterions, which have been studied
in Chapter 2, it is necessary to distinguish between the definitions of vapour quality
and void fraction. The first one is intented as the mass fraction of vapour in a
saturated mixture, while the second one, in particular the volumetric void fraction,
is the volume fraction of vapour in the mixture and it is provided by Equation 3.5.
3.2 Prediction Method
One non-intrusive method for predicting the void fraction inside a wide range of
two-phase flows is the so-called drift-flux model. This was first proposed by Zuber
and Findlay (1965) and the improved by Wallis (1969) and Ishii (1977). This
method is very simple and flexible. It is preferred to the more comlex two-phase
flow model and it is used to compute the cross-section void fraction inside a channel.
Physically the void fraction is expressed by Equation 3.6
〈α〉 = 〈Usg〉
C0(〈Um〉) + 〈〈Ugm〉〉 (3.6)
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Figure 3.1: Performance of the proposed correlation against void fraction data in large diameter pipes
where
C0 =
〈αUm〉
〈α〉〈Um〉 〈〈Ugm〉〉 =
〈α(Ug − Um)〉
〈α〉
The one dimensional drift flux model assumes that the two phase flow properties
do not change across the pipe cross section, and hence yield the values that are
averaged across the pipe cross sec- tion for any given axial pipe location. The
distribution parameter C0 serves both as representation of the gas phase across the
pipe section and as correction factor of the homogeneous flow theory. Bhagwat and
Ghajar [7] proposed a correlation expresses the distribution parameter and the drift
velocity as a function of pipe diameter, pipe orientation, phase flow rates, fluid
properties and the void fraction. They compared their results with a large amount
of data previously acquired for several flow conditions. In Figure 3.1 it is possible
to see the compared results from the method and the performances evaluation.
CHAPTER 3. VOID FRACTION MEASUREMENT TECHNIQUES 27
Figure 3.2: Section View of the Capacitance Probe
Figure 3.3: C-void fraction correlation for Different Electrodes Apertures
3.2.1 Capacitance technique
Another technique, the so-called capacitance technique, exploits the variation of
the dielectric constant ([8] and [9]) in order to generate an output voltage signal
proportional to the capacitance of the two-phase flow between a couple of electrodes.
This is valid for measuring both volumetric and cross-sectional void fraction. Since
the measured capacitance is closely related to the flow regime, the capacitance time
trace is characteristic of the flow behaviour. De Kerpel et al. found out capacitance
correlations in relation to the particular flow regime. Creatini et al. assumed a
pure slug flow due to the capillary dimensions of the tube. The probe studied by
this last consists of a couple of concave copper electrodes with an aperture α = 120°
as shown in Figure 3.2
In this method, in order to see the relation between the capacitance of the
probe and the void fraction it is necessary to perform FEM analysis. The relative
permittivities used are liqr = 80 and 
vap
r = 1 and the results are shown in Figure 3.3
as a function of the angle α too. The graphic shows the C-void fraction correlation.
The probe built by Kerpel is shown in Figure 3.4 Typical results provided by the
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Figure 3.4: Capacitance probe built by Kerpel [9]
probe in terms of analogue output are shown in Figure 3.5 where it has been used a
probe with only two electrodes and the slug flow was assumed a priori. In particular
two kinds of signal are shown: the one related to the linear C -  correlation and the
other one the flow pattern related correlation. The flow regime is really important
in order to use this method. The knowledge of the vapour quality and the mass
flux are required and this limits the applicability of the capacitance probe.
3.2.2 X-ray absorbtion techinque
Nuclear radiation attenuation methods have been used for the void fraction mea-
surements. In particular the method is based on allowing a beam of radiation (b, c,
neutrons or X-rays) to traverse the cross-section of the pipe and detect the emerging
beam.
Kendoush and Sarkis [10] carried out experiment exploiting X-ray absorption of
a 30–100 kV range. The measured void fraction αx was obtained from the Equation
3.7.
αx = ln(
I
If
) ln(
Ig
If
) (3.7)
where 
Ig → count rate for αx = 1.
If → count rate for αx = 0.
I → count rate for the unknown void fraction
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Figure 3.5: Void fraction time trace for slug flow calculated with the capacitance probe. [9]
The X-ray absorption was measured by using differ- ent arrangements of voids.
These were very thin with small diameter (0.6 cm), empty plastic tubes which
simulate voids by inserting them into a water filled perspex tubular test-section of
50 cm length. The ex- treme case of the core flow was simulated by filling the small
plastic tubes with water and inserting them into the empty perspex tube. The
results concerning the count ratio I
Ig
as a function of the void fraction are shown in
Figure 3.6.
3.3 Void Fraction measurement with optical Probes
3.3.1 Optical Fibers
In this section the main characteristics and principles of fiber otics are described.
The basic scheme of an optical fiber is shown in Figure 3.7.
The most important layer are:
• Core: this is the channel through which the light beam passes;
• Cladding : this layer permits the total reflection of the light beam inside the
core.
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Figure 3.6: Calibration curves of void fraction at different X-ray energies
Figure 3.7: Fiber optic basic scheme
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Figure 3.8: Total reflection principle between two mediums with n1 > n2
Both of them could have several internal diameter dimensions (micron). The basic
principle which permits the light beam to pass through the fiber and reach the final
section of it is based on the total reflection angle theory. Considering a beam which
goes from a medium 1 to a medium 2 and which is incident to the interface of the
two mediums with an angle equal to θ1, it behaves as shown in Figure 3.8. the
variable n is the so-called refraction index of the medium and it gives adimensionally
a description of how light (or other radiations) propagates through that particular
medium. If the incident angle θ1 is greater than a critical value θTIR, called total
reflaction angle, the beam passes the interface between the two mediums and it
is refracted with an angle θ2 called refraction angle. the correlation between the
incident light and the refracted light is given by the Snell’s law of refraction:
n1sinθ1 = n2sinθ2 (3.8)
With θ1 decreasing, θ2 reaches 0 and due to this phenomena even the intensity
of the light beam passing the interface decreases and reaches 0. The value of θ1
corresponding to the total reflection is given for the limit of θ2 → 0, and so for
cosθ2 ≈ 1:
θTIR = cos
−1(
n2
n1
) (3.9)
This means that for θi ≤ θTIR the beam inside the core is totally reflected and is
completely contained inside it. This is the phenomena that permits to optical fibers
to work. In fact we have that ncore > ncladding. Due to the fact that the beam is
compesed of several light rays it is easy to understand that not all of them will
br trapped inside the core. There will be a certain number of rays which do not
contribute to propagation.
An important parameter of optical fibers is the Numerical Aperture (N.A.)
which is defined as the sine of the half angle of the cone of light which is incident
(from air) to the input surface of the fiber. All the rays which lie into this cone,
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Figure 3.9: Acceptance cone and numerical aperture (∆ =
(n1 − n2)
n1
)
Figure 3.10: Typical output voltage
called acceptance cone, will be trapped inside the core as shown in Figure 3.9. the
numerical aperture is related to the refracion indexes n1 and n2 by equation
N.A. =
√
2n1(n1 − n2) (3.10)
3.3.2 Working principle
Void fraction measurement with optical fiber probes exploit the difference, in terms
of refraction index, between the two phases in which the tip of the probe is immersed.
The dimesions of the probe tip are small compared to the characteristic dimensions
of the channel. This permits to identify the quantity measured by the system
as the local void fraction. Typical output voltage are shown in Figure 3.10. The
acquisition sampling frequency and the velocity of the flux do not allow to measure
intermediate states.
Recalling Equation 3.8 and subtituting:n1 → nin2 → nm
where ni is the refraction index of the fiber core and nm is the refraction index of
the medium (liquid or gas phase) it is possible to compute the total refraction index
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from Equation 3.9 for the two mediums and so the behaviour of light rays at the
interface between the fiber core and the two-phase flow. Considering a water-air
flow and computing θTIR for both of them:
θwaterTIR = cos
−1(
nwater
nf
).
θairTIR = cos
−1(
nair
nf
)
where nf is the refraction index of the fiber core material. In general nair = 1 = ngas,
nwater = 1.33, while for commercial fibers in Silica core nf = 1.46. The indexes are:
θwaterTIR = 24.36deg = 0.42rad.
θairTIR = 46.76deg = 0.72rad
Thanks to the difference of total reflection angles, the quantity of light which is not
reflected is more if the probe tip is in contact with water than if it is in contact
with air. Neglecting losses, it is possible to consider that the quantity of light ging
back to the detector is proportional to the difference between the incoming light
and the refracted light entering the medium. In particular if Ii is the intensity of
the incoming beam and Ir is the quantity f light refracted at the probe tip, the
intensity of light going to the light detector Ivfm is given by:
Ivfm = Ii − Ir = I1(1− T )→ for non-polarized beam (3.11)
where T is the so-called transmission coefficient and is equal to the ratio between
the refracted light and the incident light.
3.3.3 Probe Tip different geometries
In this section several tip geometries and shapes are shown.
U-shaped
This type of probe tip is characterized by a singular optical fiber bended with a
relative small curvature radius. The U-turn of the fiber is then inserted at the
measurement point. A typical shape is illustrated in Figure 3.11 There is no need
of any junction or splitter, because there is only one fiber in which the beam can
pass. the working principle is the same as for every fiber optic system and it is
shown in Figure 3.12
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Figure 3.11: U-shaped probe tip [11]
Figure 3.12: U-Shaped probe tip working principle
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Figure 3.13: Joined and chamfered tip final assembly
Joined-tip and chamfered
Joined-tip tips are characterized by a welded probe composed by two optical fibers
polished and joined toghether by means of a suitable glue or resin, or fused. The
last manufacturing process [12] is as follow:
1. two fibers are inserted inside a stainless steel tube with ID greater than the
double of the cladding diameter of the fibers;
2. the two fibers are fused toghether by means of a minitorch forming a spherical
bead;
3. the tip is then fixed by means of a suitable epoxy resin;
4. the tip is polished and the correct angle (90°) is obtained;
In Figure 3.13 the final assembly is shown.
True monofiber
The true monofiber probe is characterized by 4 main section of the optical fiber:
1. section of the fiber from the light source to the junction;
2. junction which has to split the signals from and to the measurement point;
3. section of the fiber from the junction to the photo detector;
4. section of the fiber from the Junction to the measurement point;
The dimensions of the fibers could be different for each section but they have to
work in the same wavelenght ranges. The basic scheme for this is illustrated in
Figure 3.14. The optical junction is the most important part of the system together
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Figure 3.14: True monofiber basic scheme
with the probe tip. There exist several possibilities to implement this part: some
are commercials and expansive; some are self-made and cheaper. The first ones are:
• circulators;
• beam splitters;
Circulators permits to the light beam to travel from the light source to the probe
tip and then back to the photodetector without having any contact between the
forward and backward beams. The basic scheme is illustrated in Figure 3.15 Beam
splitters are used to split a light beam in two beams which have a power reduced
according to the optical properties of the splitter it self. The light power arriving
at the photo detector will be less than the one in the case of circulator, due to the
fact it has to be splitted twice before reaching it. Both this systems could be in-air
or pigtailed [?].
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Figure 3.15: Optical circulator basic scheme
Chapter 4
Experimental Setup
4.1 Introduction
The calibration of the analogue signal coming from the optical system, and so from
the probe tip, is obtained comparing it with a signal extrapolated from an Image
Processing Procedure which elaborates a sequence of images (video frame). In this
chapter the experimental setup is described, focusing on main components:
• Ground Optical System
• high speed camera;
• hydraulic circuit;
• acquisition system;
Then a description of the Image processing Method is described. The general
scheme of the Calibration circuit is shown in Figure 4.1
4.2 Ground Optical System
The main aim of this work is that to understand the effect of optical fiber probes
inside minichannels for Void fraction measurements. The results could be used for
improving the system setup for future sounding rocket missions (see 6) and exploit
optical fiber techniques for studying Pulsating Heat Pipes (see 6.1.1 parameters in
microgravity conditions.
The main components of the optical system needed for this purpose are:
• Light Source (for example a laser);
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(a) Hydraulic circuit basic scheme
(b) Hydraulic circuit
Figure 4.1: Experimental Setup
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Figure 4.2: Optical System scheme
• Light Detector;
• Fiber Junction, Beam-Splitter or Circulator if needed;
• Collimator;
• Optical fiber (variable core/cladding ratio)
Optical components can be divided into two main groups:
• pigtailed components : the light beam is directly connected to the fiber, from
the light source to the probe, without passing from air.
• in-air components : the light beam is in-air. This means that several precau-
tions are necessary and it is necessary to use special collimators, lenses and
X-Y adapters in order to have the best beam inside the fibers.
4.2.1 Optical System Implementation
In order to study this technique a low cost version of the sensor has been manufac-
tured. The general scheme of the optical system is shown in Figure 4.2.
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(a) FT200UMT (b) BFH48-400
Figure 4.3: Performance Plots for Optical Fibers
Optical fibers
Commercial optical fibers work at different wavelenght ranges and have different
geometrical characteristics (i.e. N.A.). The best choice for having a good collimation
and fiber optic coupling is lead by the numerical aperture. The laser source was
fixed and this meant that the range in which the fiber have to work was fixed too.
An other important aspect which influenced the choice of the fiber was that a good
rigidity was needed for the bigger diameter fiber to the measurement point and a
higher flexibility for the 2 section going from the collimator to the junction and
from the junction to the photo detector. In addition the external diameter of the
fiber (cladding or coating depending on if the fiber was stripped or not) should not
be too small due to the fact they had to be well handled. The fiber that have been
chosen are: These fibers are manufactured by THORSLAB® Inc. The performance
Code Range µm Core Diameter µm Cladding Diameter µm N.A.
BFH48-400 300− 1200 400 430 0.48
FT200UMT 300− 1200 200 225 0.39
Table 4.1: Optical fiber main properties
plots for both these fibers are illustrated in Figure 4.3. The attenuation, defined as
Attenuation = −log(I/I0) (4.1)
where I0 is the Light beam intensity in the ideal case. due to the lenght of the
fibers has been neglected.
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Figure 4.4: Y - Junction basic scheme
Light Source
The light source is a 3b Class Laser which operates at λ = 632, 8 nm with a power
P0 = 5mW .
Y – junction
The y-junction is the most critical part of the optical system. The uncorrect
allignment of the fiber will cause a lot of losses and the signal going back to the
photo detector will not be read by the acquisition system. The basic scheme is the
one proposed by P. Carrica et al. [13] and it is illustrated in Figure 4.4. The small
diameter fibers are first stripped and then inserted inside a stainless steel channel.
This last is then crimped in order to fix the two fiber tips and put tham as close as
possible. Then the two tips are cut and polished first with a 1000K polish paper
and then finished witha 2000K one. These paper are mounted on a high speed
Dremel. The same polishing procedure is used to manufacture the bigger diameter
fiber. In this case the probe tip must be polished before placing the fibers together.
The surface finish is check by means of a Microscope. The fibers are then placed
on the substrate and a first signal check is performed in order to enhance the fiber
alignment. Once checked the fibers are kept together by means of a tape. A drop
of bi-component resin, used for connectorizing fibers, is placed on the junction in
order to fix the components and reduce losses. Everything is left fixed for about 2
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(a) Total reflection occured for gas Phase (ideal case)
(b) Refraction occured for liquid phase (ideal case)
Figure 4.5: Probe tip geometry and working principle scheme
Figure 4.6: Probe tip
hours to permit the resin to cure.
Probe Tip
The probe tip is a 45°- chamfered. The fiber has not been stripped and there was the
need to remove part of the coating. The procedure is the same of the junction. At
first the tip has been cut to lenght and polished with the 1000K paper, then finished
with a 2000K paper. It has been constantly checked by means of a microscope. Due
to the fact the tip must enter a minichannel, it has been chamfered even before the
45°-chamfered section in order to obtain a conical shape. The working principle
is that proposed in Section 3.3.2. The beam (not completely parallel to the fiber
axis) incident on the tip surface (interface between the two mediums) is partially
reflected and partically refracted. The quantity of light which is reflected is more
in the case of gas phase than in liquid phase. The basic scheme of the probe tip is
illustrated in Figure 4.5. The tip obtained with the manufacturing process is shown
in Figure 4.6.
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4.3 Hydraulic circuit
The liquid pump is an ISMATECH®MCP-Z Standard Gear Pump ISM405 and
with a water flow rate of 1-7020 l/min. It is linked to the reservoir which is full of
water. Then a pipe connector is placed in order to link a syringe to the primary
circuit. Between the syringe, which is used to insert mass of air inside the channel,
and the connector, a non-return valve is placed in order to have a one-way flux.
After the pipe junction there are 2 main pipe section:
• probe-insertion section;
• visualization section;
The first one is a T - junction whose role is that to permit the probe tip to be
inserted inside the channel. This last is a copper-made pipe with an internal
diameter of 2 mm and an external diameter of 3mm. A 0.8mm hole is made on
the wall. A stainless stell pipe with and internal diameter of 0.9mm is placed
perpendicular to the copper-made pipe and alligned to the hole. This part of the
circuit is shown in Figure 4.7. The second section is the visualization one. This is
provided by a glass pipe with an internal diameter of 2 mm and 3mm external. The
area captured by the camera is delimited by a small tank of glass which cointain
water. The glass pipe passes through this last in order to reduce the effect of
water-glass refraction. A plastic pipe is connected to the glass pipe and then goes
to the reservoir to close the loop.
4.4 Signal acquisition System
The hardware of the acquisition system is composed by:
• arduino uno;
• instrumentational amplifier;
• laptop;
The electronical scheme is shown in Figure 4.8. The amplifier has a Gain G =
10. Arduino is directly connected to the laptop and the signal is acquired using
LabView®. The implementation of the acquisition signal has been improved. At
first the Lifa library has been exploited, but the highest acquisition frequency which
can be obtained is 40 Hz. Using VISA library it has been possible to increase the
frequency up to 125 Hz.
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Figure 4.7: T-junction for probe insertion inside the pipe
Figure 4.8: Signal acquisition system
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4.5 Image Processing
Image Processing is exploited in order to compare the signal obtained with this
method to the one coming from the Optical Probe. The accuracy of the method
depends on the parameters involved in the code. The code has been developed with
MATLAB® software. The procedure is shown in Figure ?? and descirbed below:
1. Select the sequence of .tif images;
2. Select a background image;
3. Select first and last image to process;
4. Start a for cycle in which for every image:
• convert from RGB to Greyscale image;
• remove the background image;
• fill the empty holes and adjust the contrast;
• produce a complementary image;
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• define the borders;
• crop a suitable area inside the channel;
5. count the number of white pixels (air) inside the cropped area;
6. compute the ratio (Sr) between the area occupied by white pixels and the
total area of the cropped section;
7. cns variable is created;
8. start an if cycle in which for every processed image:
• cns = 1 if Sr > 0.7;
• cns = 0 if Sr < 0.7;
Point number 4 is useful for improving image quality and shape of the bubble
itself. The dimension of the crop section has been chosen by assuming that the
tip takes measurements on a surface which is similar and is equal to 15px× 15px.
They could be optimzed in order to improve the overlapping between the two
signals. The approximation could be accepted because the visualization method is
used to compare the signal coming from the optical system and have a qualitative
calibration.
Chapter 5
Tests and Results
5.1 Tests
5.1.1 Introduction
A preliminary experimental activity has been carried out in order to understand
how much the optical probe can be consider intrusive in the flow pattern detection.
Several tests have been perfomed in order to understand which could be the influence
of the tip position inside the channel on the bubble geometry and on the signal
itself. This influence is related to the distance of the probe tip from the centerline
of the channel. In Figure 5.1 the insertion of the tip inside the channel is shown.
Acquisitions have been carried out at two different frequencies (40 Hz and 125
Hz) in order to see if increasing the quantity of samples there would be additional
informations. The tests are listed in Table 5.1.
Table 5.1: Test Performed
Number Flow rate Tip Position Frequency
[ml/sec] [mm] [Hz]
001 2.8 0 40
002 5.0 0 40
003 2.8 0 40
003 bis 2.8 0 125
004 2.8 0 40
005 5.0 0 40
006 8.3 0 40
Table 5.1: See next page
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Table 5.1: See previous page
Number Flow rate Tip Position Frequency
[ml/sec] [mm] [Hz]
005 bis 2.8 0 125
006 bis 5.0 0 125
007 2.8 0.5 125
008 5.0 0.5 125
009 8.3 0.5 125
010 2.8 1 125
011 5.0 1 125
012 8.3 1 125
013 2.5 125
014 2.5 125
015 2.5 2.5 125
016 5.0 2.5 125
017 8.3 2.5 125
018 2.8 7.5 125
019 5.0 7.5 125
020 8.3 7.5 125
021 2.8 3 125
022 5.0 3 125
023 8.3 3 125
024 2.8 4 125
025 5.0 4 125
026 8.3 4 125
027 2.8 6 125
028 5.0 6 125
029 8.3 6 125
030 2.8 8 125
031 5.0 8 125
032 8.3 8 125
033 2.8 9 125
034 5.0 9 125
035 8.3 9 125
Table 5.1: *Outer light environment might be different from one test to the other
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Figure 5.1: Tip inserted inside the pipe
5.1.2 Test Procedure
The test procedure is described by steps in the following list:
1. setting the pump on the desired flow rate and starting it;
2. filling the syringe with air (20ml);
3. starting analogue acquisition launching Labview;
4. starting video acquisition;
5. starting air injection inside the circuit;
6. controlling manually air injection, till the syringe is empty;
7. push trigger button;
8. save datas from analogue input;
9. save video on SSD card;
10. convert video into .tif sequence;
CHAPTER 5. TESTS AND RESULTS 51
5.1.3 Transition maps: effect of internal diameter and grav-
ity
In this section the vapour quality levels, related to the void fraction (see Section
2.3.1) for two-phase flow pattern transitions are computed according to the criterion
on which Equations 2.4 and others are based, for different fluids and gravity
environments at the same saturation temperature. In particular 3 fluids have been
considered: The Mass Flux G has been taken variable between 0 and 1600 kg
m2s
ρl ρv µv µl Hlv σ
Fluid [kg/m3] [kg/m3] [Pa · s] [Pa · s] [J/kg] [N/m]
Ethanol 781.266 0.193 0.0000089 0.0009889 916512 0.021
FC-72 1681.407 5.077 0.0000107 0.0006150 91252 0.011
Acetone 779.189 0.895 0.0000081 0.0002928 529255 0.022
Table 5.2: Fluid Properties at Tsat = 30°C
accroding to the values reported in the literature. Three different internal diameters
have been chosen: 1.1mm, 1.62mm, 3.00mm. These are equal respectively to three
different Pulsating Heat Pipes (PHP) (see Chapter 6): the first one tested on
ground and the other two tested both on ground and on board a sounding rocket.
Heat flux has been taken constant and equal to Q = 10W/m2, which is a good
approximation of actual heat flux related to PHPs. This analysis can provide a
good prediction of the kind of flow pattern it is possible to deal with at different
mass flux and in particular a prediction at which vapour quality level there could
be a flow pattern transition. The fluid which has been chosen are often used as
working fluids in heat tranfer devices. Besides this analysis permits to predict the
flow rate to be studied in this work in order to obtain a slug/plug o anular flow
pattern. As shown in Figure 5.2 the internal diameter does not affect significantly
the transition considering the same fluid.
The same conclusions are obtained considering the same fluid and internal
channel diameter and changing the value of the gravitational acceleration. In Figure
5.3 it is possible to see three cases for Ethanol.
The most important effect is given by the change in the fluid properties. As
shown in Figure 5.4 the vapour quality at which the transitions occur tends to
increase with the mass flux taken constant for the three fluids.
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(a) Dint = 1.1mm
(b) Dint = 1.62mm
(c) Dint = 3mm
Figure 5.2: Different fluids
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(a) g = 9.8m/s2 = Earth Gravity
(b) g = 3.69m/s2 = Mars Gravity
(c) Dint = 1.62m/s
2 = Moon Gravity
Figure 5.3: Different fluids
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(a) Ethanol
(b) FC-72
(c) Acetone
Figure 5.4: Different fluids
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5.2 Results
5.2.1 Comparison between Optical and Visualization tech-
nique
Preliminary Analysis
The first analysis provided is the one refered to the comparison between the analogue
signal coming from the photodiode and the ”digital output” provided by the image
processing of the frame sequences. The analysis has been carried out on all the
tests performed, but here, only a few of them are presented. In particular the tests
considered are listed in Table ??.
This tests have been selected in order to give a complete overview at different ad
Number Flow rate Tip Position Frequency
[ml/sec] [Hz]
003bis 2.8 0 125
006bis 8.3 0 125
018 2.8 7.5 125
020 8.3 7.5 125
033 2.8 9 125
034 5.0 9 125
035 8.3 9 125
Table 5.3: Tests
descrete mass flow rates and tip position in order to verify the functioning of the
probe tip. In Figure 5.5 the analogue and digital outputs of 003bis are shown. In
Figure 5.6 the analogue and digital outputs of 006bis are shown. In Figure 5.7 the
analogue and digital outputs of 018 are shown. In Figure 5.8 the analogue and
digital outputs of 020 are shown. In Figure 5.9 the analogue and digital outputs of
033 are shown. In Figure 5.10 the analogue and digital outputs of 034 are shown.
In Figure 5.11 the analogue and digital outputs of 035 are shown. The visualization
method accuracy is strongly affected by technological limits related to sampling
frequancy (fps). Infact it could happen that some frames look similar due to the
small amount of time (dt = 1
fps
) between one frame and the next one. This is
translated in a worst bubble detection by the Image Processing.
For each test presented it is possible to note that, comparing the signals coming
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(a) Analogue output from photodiode
(b) Digital output from Image Processing
Figure 5.5: Flow rate = 2.8 ml/sec, Tip Position = 0 mm, Frequency = 125 Hz
CHAPTER 5. TESTS AND RESULTS 57
(a) Analogue output from photodiode
(b) Digital output from Image Processing
Figure 5.6: Flow rate = 8.3 ml/sec, Tip Position = 0 mm, Frequency = 125 Hz
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(a) Analogue output from photodiode
(b) Digital output from Image Processing
Figure 5.7: Flow rate = 2.8 ml/sec, Tip Position = 0.75 mm, Frequency = 125 Hz
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(a) Analogue output from photodiode
(b) Digital output from Image Processing
Figure 5.8: Flow rate = 8.3 ml/sec, Tip Position = 0 mm, Frequency = 125 Hz
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(a) Analogue output from photodiode
(b) Digital output from Image Processing
Figure 5.9: Flow rate = 2.8 ml/sec, Tip Position = 0.9 mm, Frequency = 125 Hz
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(a) Analogue output from photodiode
(b) Digital output from Image Processing
Figure 5.10: Flow rate = 5.0 ml/sec, Tip Position = 0.9 mm, Frequency = 125 Hz
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(a) Analogue output from photodiode
(b) Digital output from Image Processing
Figure 5.11: Flow rate = 8.3 ml/sec, Tip Position = 0.9 mm, Frequency = 125 Hz
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from the photodiode (analogue) and from the Image Processing, there is a match
concerning the bubble detection. For example in Figure 5.5 it is possible di identify
three main bubble groups in both plots. The same considerations can be made on
Figures 5.6, 5.7, 5.8, 5.9, 5.10, 5.11.
The two methods are quite different and comparing analogue and digital outputs,
and the frame sequences related to each acquisition, it is possible to state that
the optical method is better in terms of bubble detection. In Figure 5.12 several
advancing and recieding meniscus of different bubbles for test 003bis.
The corresponding analogue and digital signals are shown in Figure
A difference between the two methods stays in the trend of the signal itself. Infact
the optical system can capture the rise and fall edges, while the visualization
method can only detect if the bubble is present or not, following the procedure
explained in Section 4.5. Studying the trend of these edges it could be even possible
to understand several geometrical feautures of the bubbles.
A preliminary analysis shows that the flow rate, together with the sampling frequency
of the analogue acquisition, strongly influences the shape of the peaks which indicates
the presence of each phase. Infact, considering Figure 5.5 and Figure 5.6, it is
possible to note the differences between the signal shapes for analogue output. The
width of the peaks in the higher flow rate test (8.3ml/s) is smaller compared to the
one in the lower flow rate case even if the bubble lenght, related to the particular
flow pattern, are similar. This is due to the velocity of the bubble inside the channel
and to the fact that it would be necessary to increase the sampling frequency to
obtain higher peak widths.
Higher sampling frequencies could even permit to increase the definition of the
shapes of the edges, and indirectly of those geometrical feautures shown below.
5.3 Effect of threshold level
Local void fraction, as shown in Chapter 2 is local = 1 when gas phase is present,
and local = 0 when liquid phase is present. This measures are obtained by setting
a threshold level of the digital output (Vth) for the voltage in order to obtain the
digital output. If V > Vth the digital ouput is equal to 1 (vapour phase) and if
V < Vth the digital output is equal to 0 (liquid phase). This processing can be
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Figure 5.12: Advancing and receding meniscus for different bubbles.
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Figure 5.13: Analogue (left) and digital (right) output corresponding to the first bubble
Figure 5.14: Analogue (left) and digital (right) output corresponding to the fourth bubble
Figure 5.15: Analogue (Left) and digital (right) output corresponding to the eighth bubble
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Figure 5.16: Analogue (Left) and digital (right) output corresponding to the eleventh bubble
done by means of an electronic circuit [13] or by analogue signal post-processing.
In this Section the effects of threshold level on Void Fraction and bubble detection
are evaluated. The effect of varying this level are taken into consideration in terms
of percentage of the gap between the maximum and minimum voltage acquired.
The percentages are: 30% (reference value), 50%, 60%, 70%, 80%, 90%, 95%, 98%.
The reference value is assumed a priori. In Figure the threshold level and related
voltage difference percentages are shown.
5.3.1 Effects on Local time-avaraged Void Fraction
Local time-avaraged Void fraction is intended as the time average over a period T
of the local void fraction  as explained in Section 3.1. The time period T taken as
reference in this work is 1 second (125 samples).
As it is possible to see from Figure 5.17 at low flow rate and with the tip
inserted on the longitudinal axes of the channel Void Fraction is not affected by
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(a) Void fraction trends at relative to different threshold level
(b) Void Fraction trends at 30% and 98% of threshold level
Figure 5.17: Flow rate = 2.8 ml/sec, Tip Position = 0 mm, Frequency = 125 Hz
(a) Void fraction trends at relative to different threshold level
(b) Void Fraction trends at 30% and 98% of threshold level
Figure 5.18: Flow rate = 5.0 ml/sec, Tip Position = 0 mm, Frequency = 125 Hz
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(a) Void fraction trends at relative to different threshold level
(b) Void Fraction trends at 30% and 98% of threshold level
Figure 5.19: Flow rate = 2.8 ml/sec, Tip Position = 0.75 mm, Frequency = 125 Hz
(a) Void fraction trends at relative to different threshold level
(b) Void Fraction trends at 30% and 98% of threshold level
Figure 5.20: Flow rate = 5.0 ml/sec, Tip Position = 0.75 mm, Frequency = 125 Hz
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(a) Void fraction trends at relative to different threshold level
(b) Void Fraction trends at 30% and 98% of threshold level
Figure 5.21: Flow rate = 8.3 ml/sec, Tip Position = 0.75 mm, Frequency = 125 Hz
(a) Void fraction trends at relative to different threshold level
(b) Void Fraction trends at 30% and 98% of threshold level
Figure 5.22: Flow rate = 2.8 ml/sec, Tip Position = 0.90 mm, Frequency = 125 Hz
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(a) Void fraction trends at relative to different threshold level
(b) Void Fraction trends at 30% and 98% of threshold level
Figure 5.23: Flow rate = 5.0 ml/sec, Tip Position = 0.90 mm, Frequency = 125 Hz
(a) Void fraction trends at relative to different threshold level
(b) Void Fraction trends at 30% and 98% of threshold level
Figure 5.24: Flow rate = 5.0 ml/sec, Tip Position = 0.90 mm, Frequency = 125 Hz
CHAPTER 5. TESTS AND RESULTS 71
the choice of the threshold. In fact considering the analogue signal in Figure 5.17a
it is clear that the measure of Void Fraction is correct. the visualization of the
bubble sequence is useful to improve the validity if this statement as shown in
Figure 5.25. The trend of Void Fraction at different flow rates, maintaining the
tip on the centerline, changes if the threshold is increased as shown in Figure 5.18.
Considering Figure ??, Figure 5.19a and Figure 5.22a, corresponding respectively
to 0mm, 0.75mm and 0.9mm, it is possible to observe that the void fraction is
affected by the threshold level. Condidering Figure 5.17b, Figure 5.19b and 5.22b
that increasing the threshold level the Void fraction is strongly affected in each
case, and even more affected moving the probe tip from the center line to the wall.
Considering flow rate effects on Local time-avaraged void fraction it is possible to
state that if the optical technique works at low flow rates, while it is not accurate
at higher flow rates.
5.3.2 Effects on bubble detection
The choice of the threshold level has effects on the digital output obtained with the
data processing. As shown in Figure 5.26 considering low flow rates and with tip
placed on the longitudinal axes of the channel there is only a small error considering
bubble detection and the peaks, showing the presence of the bubble is tighter when
the threshold il higher. The error increases when the probe tip is placed far from
the centerline and the bubble detection really changes a lot when increasing the
threshold level. An exemple is shown in Figure 5.27. This is probably due to the
presence of the liquid film between the bubble and the channel wall and to the fact
that the signal is then disturbed when the Voltage is higher. It is possible to see
that the signal sometimes decreases a little bit and if the threshold is too high it
could happen the presence of the liquid film is seen as liquid and not as bubble
from the sensor. The differences considering bubbles detection and the particular
output coming from the Threshold signal processing when the probe tip is inserted
at 0.9mm are due to the particular flow pattern which is present and the shape of
the liquid film is read as noise from the sensor. The particular configuration of the
liquid film is shown in Figure 5.28 The effect of threshold level on bubble detection
are expressed in terms of Error. This is intended as the total number of samples,
for each threshold level, where the signal is different from the reference value (30%).
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Figure 5.25: Bubble sequence at Flow rate = 2.8 ml/sec, Tip Position = 0 mm, Frequency = 125 Hz
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Figure 5.26: Effect of threshold level on bubble detection at 2.8 ml/sec and tip placed at 0 mm
Figure 5.27: Effect of threshold level on bubble detection at 2.8 ml/sec and tip placed at 0.9 mm
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Figure 5.28: Liquid film particular shape inside the channel
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Figure 5.29: Error due to threshold level choice with respect to the reference value 30% for different tests
5.4 Effect of probe tip insertion
5.4.1 Effect on Void Fraction
Probe tip insertion inside the channel could have effects on measurements. Infact,
considering flow patterns, it is known that slug/plug flows or anular flows are
characterized by the presence of a thin film of liquid which has a variable height
(0.2-0.4 mm). This could cause a wrong bubble detection and noise in the analogue
signal. Considering Figure 5.9 it is possible to see the presence of bubbles from
analogue outputs, but considering Figure 5.22 the measured void fraction could be
not well determined and the real value should be greater. This is an effect due to
the position of the tip.
An other important effect should be observed considering Figure 5.17, Figure 5.19
and 5.22. The nominal values of Void Fraction for each test decreases even if, on a
quality level, the lenght of the bubble are of the same order of magnitude in each
test.
A similar effect should be observed at different flow rates but this is probably due
to the acquisition frequency that must be taken into consideration if it is needed to
extend the use of this method to a wide range of velocities (of the flow inside the
devices).
5.4.2 Effect on bubble integrity
Another important aspect of the fiber optic method is that the probe tip is intrusive
and could have effect on the bubbles theirselves. The two-phase flow pattern is
modified by the presence of the probe tip. As shown in Figure 5.12 at low flow
rates the distibution of the flow pattern is affected and the slug backward meniscus
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Figure 5.30: Effect of probe tip insertion at 5.0 ml/s and tip placed at 0 mm
is broken by the probe tip. In Figure 5.30 it is possible to see a bubble sequence by
considering a different flow rate, with the prbe tip inserte din the same position as
previous Figure. At higher flow rates the distribution of the flow pattern is still
disturbed but the effects are lower. Even if we move the probe tip away from the
centerline the flow rate is still important considering bubble integrity as shown
in Figure The number related to the bubbles in the Figures are computed by
visualization of video acquisitions and compared with the analogue signal as shown
in Figure 5.32
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Figure 5.31: Effect of probe tip insertion at 8.3 ml/s and tip placed at 0.9 mm
Figure 5.32: Bubble detection and number computation
Chapter 6
PHOS Project
6.1 Introduction
PHOS Project is one of the selected experiments which has the possibility to
fly on board RX18 sounding rocket. This last is part of the REXUS/BEXUS
programme. The REXUS/BEXUS programme (www.rexusbexus.net) is realised
under a bilateral Agency Agreement between the German Aerospace Center (DLR)
and the Swedish National Space Board (SNSB). The Swedish share of the payload
has been made available to students from other European countries through a
collaboration with the European Space Agency (ESA). REXUS experiments are
launched on an unguided, spin-stabilised rocket powered by an Improved Orion
Motor with 290 kg of solid propellant. It is capable of taking 40 kg of student
experiment modules to an altitude of approximately 90 km. The vehicle has a
length of approx. 5.6 m and a body diameter of 35.6 cm.
6.1.1 Pulsating Heat Pipes
Pulsating heat pipes are two-phase heat transport devices born as an evolution of
conventional heat pipes to overcome its performance limits. The unique feature
of pulsating heat pipes, compared with conventional heat pipes, is that there is
no wick structure to return the condensate back to the evaporator section. The
capillary effect is indeed provided by the small dimensions of the tubes. Pulsating
heat pipes typically consists of a plain meandering tube of capillary dimensions
with a lot of turns and straight portions. The tube is first evacuated and then
partially filled with a working fluid, which naturally resides in the form of liquid
plugs and vapour slugs.The oscillation, and so the working fluid motion inside the
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Figure 6.1: Pulsating Heat Pipe Basic Scheme [14]
device is due to the different pressures inside adjacent channels. A general scheme
of a PHP is shown in Figure 6.1.
Working principle
The internal distribution of the two-phase flow is shown in Figure 6.1. Taking into
consideration what happens in the evaporator section, due to the fact that the fluid
is in saturated condition the thin liquid film which surrounds each vapor plug, tends
to evaporate. The vapour expands and pushes the tube to the condenser section.
Here the heat absorbed at the evaporator section (hot source) is released to the
cold sink. After this process the bubble returns to the evaporator section and this
process permits the oscillation of the fluid inside the channels. It is necessary to
say that the flow pattern must be categorized as slug flow and considered a priori.
The liquid and vapour slug transport is because of the pressure pulsations caused
in the system. Since these pressure pulsations are fully thermally driven, there is
no external mechanical power source required for the fluid transport.
Thermodynamic principle
The flow inside the device is driven by the dynamic of bubble and liquid slugs. The
correct thermodynamic circle is still unknown, but it is possible to describe it by
using a pressure/enthalpy diagram [16]. As shown in Figure 6.2 the thermodynamic
of a PHP can be summerized as a sequence of transformations, assuming that the
temperature and vapor quality at the evaporator and condenser section are known;
the sequence is listed below:
CHAPTER 6. PHOS PROJECT 80
Figure 6.2: Thermodynamics of a PHP [16]
A → B: starting from evaporator inlet there is a combination of heat input at
constant pressure and an isentropic pressure increase due to bubble expension;
B → C: Pressure decreases isenthalpically (considering adiabatic section of an
open system);
C → D: pressure decreases due to heat exchange (condenser section)
D → E: Pressure decreases isenthalpically (considering adiabatic section of an
open system);
Fluid dynamic and heat transfer Principles
The liquid slugs and vapor plugs move in unison in the capillary tube. The liquid
slugs can completely bridge the tube thanks to Bond Criterion which states that if
the surface tension foces overcome the gravitational forces the bubble is confined
inside the pipe. Between the liquid slug and vapor plug there is a meniscus caused
by the surface tension at the interface. This is shown in Figure 6.3. The thin liquid
film surronds the vapor slug. The difference between vapor pressures causes the
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Figure 6.3: Liquid and vapor schematic inside PHP [14]
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motion of the fluid and the oscillatory flow too. Concerning heat transfer the two
main section are considered:
• Evaporator section: the temperature of the slug increases thanks to the
sensible heat tranferred;
• Condenser section: the heat carried by the liquid slug id released in this
section and the latent heat generates the pressure differential necessary to
drive the oscillating flow;
In both sections heat tranfer takes place in the thin liquid film between the tube
wall and a vapor plug. This mechanism is due to latent and sensible heating (or
cooling).
Parameters
Different parameters play a role in the thermodynamic behaviour of Pulsating Heat
Pipe. The most important are listed below:
• Channel Diameter: it is the most important geometrical parameter involved.
The slug flow pattern inside the tube is really important to activate the the
pumping for and so the motion inside the channels; the internal diameter is
important because it must be less than the critical value Dcrit.
• Filling ratio: it is defined as the ratio of working fluid volume present in the
device to the volume of the device itself. If it is equal to 0 the tubes constitute
inefficient conduction fins and obviously have a very high thermal resistance,
while if is equal to 1 the device should work as a single-phase thermosiyphon.
• Working fluid: it strongly affects thermal performances and flow characteritics;
• Number of turns: this affects thermal performances and could make negligible
the effect of gravity;
A PHP only for space is intended as a pulsating heat pipe with an internal diameter
greater than the critical one on ground. Here the flow pattern should be stratified
while if the gravity level is reduced it turns to slug flow pattern. PHOS’s (Pulsating
Heat Pipe only for Space) mission is that to test in a milli-g environment a
Pulsating Heat Pipe having an internal diameter greater than the critical one on
Earth. Besides an additional PHP with an internal diameter smaller than the
critical one is mounted too in order to compare the results.
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Figure 6.4: Pulsating Heat Pipe only for Space [15]
1. PHP300→ Dint = 3mm > Dcritint
2. PHP162→ Dint = 1.62mm < Dcritint
These two will have a new conceptual double-layer configuration. The design phase
must follow ECSS Standars. The double layer configuration of PHP300, which
is equal of the PHP162’s one is shown in Figure ??. The first goal of this thesis
was that of mounting the optical system on board the sounding rocket and take
measurements of Void fraction inside the PHP300. Infact one of the advantages
of the Fiber optic technique is that a visualization section is not necessary on the
device and this permits to facilitate the manufacturing process and the final device
itself. The knowledge of the void fraction, but in particular of the analogue signal
(or the output coming from the threshold processing) could permit to predict the
lenght of the bubble if present inside the channel, if the velocity could be taken
constant and known, and so the flow pattern. This is very important when talking
about these devices because of the dry out conditions, which are responsible of the
malfuncioning of the Heat Pipe itself.
6.1.2 Experiment Module
The rocket can host up to 5 experiments modules depending on the dimensions of
them. The experiment module is a cylindrical piece of aluminum with the internal
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Figure 6.5: PHOS setup inside the 300 mm Experiment Module
diameter of about 356mm. The lenghts of the modules are standard:
• 100 mm;
• 200 mm;
• 300 mm;
PHOS is mounted on the 300 mm module. The mechanical setup of PHOS inside
the module is shown in Figure 6.5 The entire experiment could be divided into 3
main sections:
1. Experiment Box;
2. Power Management System;
3. On Board Data Handling System;
The experiment box, as shown in Figure 6.6 is an airtight box containing the
pulsating heat pipes as well as the phase change material. The phase change
material (paraffin wax) will melt due to the heat exchange between the evaporator
section and the condenser section and will act as a heat sink. The heat provided
to the device in order to simulate a possible heat source is given by a series of
resistors (mineral insulated cables) wrapped around the U-turns of the Heat Pipe.
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Figure 6.6: Experiment Box
Figure 6.7: PHOS power input profile
The power input is provided by a battery pack and controlled by 2 PCBs. This are
part of the Power Management system which has to provide a power input profile
as shown in Figure 6.7. The third section is the On board data handling system.
This subsystem is responsible for acquisition, storage and sending to ground all the
measurements coming from the sensors. It will be interfaced with the experiment
box, in particular with the sensors, and with the Rocket Module. This latter is
responsible for the power, the downlink channel (using the Rocket telemetry system)
and the signals that delineate the timeline of the experiment itself. In particular
the data to be acquired are shown in Table ??. The position of the sensors on
PHP300 is shown in Figure 6.8. The same will be done for PHP162.
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Data Quantity Sensor
Temperature 64 T-Type Thermocouple
Pressure 2 Pressure Transducer
Table 6.1: Data to be acquired
Figure 6.8: Sensors’ setup
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Figure 6.9: Optical System implemented setup for RX18
6.1.3 Optical System
The best-to-have solution is the pigtailed component system, due to the high
vibrational loads which the module have to face. The ECSS reference starndard is
the ECSS-Q-TM-70-51A. The possible implemented setup is shown in Figure 6.9.
As shown the components are pigtailed and this system must be manufactured by
a company with apposite tools. The fibers work in the IR field and have 9/125
core-to-cladding ratio. The dimensions of the tip are smaller than those used in
the experimental campaign, but they are better concerning their effect on the
bubble meniscus. The surface ratio decreases a lot and errors will decrease too.
Concerning the probe tip, the first intention was that of testing several tip shapes
and dimensions. With the connector this would have been possible. In order to
use the same system both on ground for tests and on the space segment it would
have been necessary to use 2 different components to interface the circulator to the
probe tip:
• Mating sleeve
• Ultra-high vacuum Feedthrough
For this reason, considering ground experimental activities a different setup is shown
in Figure Ground tests would have provided the correct shape and dimension of
the tip. Single components are listed in following sections.
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Figure 6.10: Optical System for ground activities
Laser source
The laser source would have been a pigtailed laser diode working in a wavelenght
level of 1550 nm. In this case no connectors would have been mounted and the
source would have been directly connected to the Circulator. The driver for the
source would have been designed and manufactured according to experimental
constraints. A pigtailed Source similar to that chosen for PHOS Project is shown
in Figure 6.11.
Circulator
As shown in Figure 3.15 the circulator is needed in order to lead the light beam
from the Light source to the measurement point and from this last to the light
detector. The internal configuration of the circulator permits to the light beam to
go directly from pont A to point B and from point B to C with non interference.
This allows to have an improvement in the signal amplitude and a reduction of
noise with respect to the low cost solution shown in Figure 4.4. In Figure 6.12 a
Circulator is shown.
Laser diode
The laser diode would have been a pigtailed laser diode working in a wavelenght level
of 1550 nm. In this case no connectors would have been mounted and the source
would have been directly connected to the Circulator. The electrical connection to
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Figure 6.11: Pigtailed laser source
Figure 6.12: Circulator
the data acquisition system has to be implemented.
Connector
The connector is needed in order to connect the circuit to the experiment box
and to allow the probe tip to be interchangeable. A FC/APC type connector
has been chosen. Threaded FC/APC connectors are designed for high-vibration
environments and minimal back reflections. The ”APC” stands for ”angled physical
contact” because these connectors allow the surfaces of two connected fibers to
be in direct contact with each other and because the fiber end is polished at an
angle to prevent reflected light from traveling back up the fiber. In Figure 6.13 a
FC/APC connector assembly is shown.
T-junction
In order to insert the probe tip inside the channel, a low leak rate junction must be
provided. This should be similar to the one manufactured for inserting the pressure
transducer inside the two PHPs (see Figure 6.14). Besides it is necessary to provide
a certain structural stability and protection to the fiber tip and a correct insertion
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Figure 6.13: FC/APC connector assembly
Figure 6.14: T-junction
is needed. For this reason should be good to glue the tip (the external coating) to
a stainless steel tube and then glue the tube to the junction. The bending could
be provided by Loctite® Hysol 9492, which has already been tested and space
approved.
Mating sleeve
Mating sleeve can work with each type of connector and are mounted to align fiber
optic terminations in order to minimize back reflection effects. Mating sleeves are
only needed for ground experimental setup. These components are shown in Figure
6.15. The chosen type is FC/APC.
Vacuum feedthrough
In order to mount the system on board the sounding rocket and inside the device
channel, a High Vacuum feedthrough (F/T) must be taken into consideration. The
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(a) Mating Sleeve
(b) Mating Sleeve/Connector interface scheme
Figure 6.15: Mating sleeve
Figure 6.16: Feedthrough and main dimensions expressed in mm
feedthrough must provide an interface between the outer and inner part of the box
and permit the fiber optic to enter and reach the measurement point (T-junction).
Space applications require a really low leak rate if the vessel must contain liquid or
dangerous materials. The F/T chosen is a FC/APC with a nominal Helium leak
rate less than 1.5× 10−10mbar/(l × s). Typical insertion losses are about 0.5 dB.
The F/T is shown in Figure 6.16.
Chapter 7
Conclusions
The main aim of this thesis is that to study the applicability of a true monofiber
optical probe to minichannels for void fraction measurement of two-phase flows.
Besides an implementation of the optical system is proposed for mounting it on
board REXUS18 sounding rocket. A low cost optical system has been built in
order to study the effect of the monofiber on the flow itself. This hand-made
system has been chosen due to high costs relative to an industrial manufacturing
process and to the uncertainities related to the oscillating regime inside the thermal
devices,Pulsating Heat Pipe, which this method is studied to. The optical technique
for void fraction measurement exploits the medium optical properties (refraction
index and total reflection angle) for measuring the difference between the signals
to a light detector if liquid or gas phase is present. Due to the complexity of
manufacturing only one probe tip has been tested, and the angle (semi-aperture)
at the tip has been chosen equal to the one proposed by Carrica et al. [13].
Three kinds of analysis has been carried out, the first one considering the probe
tip physical insertion inside the channel by means of a micrometering guide and
the second one considering analogue signals post-processing. Besides sequences of
images has been processed in order to compare qualitatively the optical system
output with a visualization techinque. The probe tip insertion plays an important
role considering the accuracy of this technique. Actually the best solution is to
place the probe tip on the centerline. This allows the sensor to detect the bubble
advancing and receiding menisci. The positioning of the probe tip close to the pipe
wall disturbs the bubble detection and the comparison with image sequences is
still needed. By visualizing bubbles’ sequences it has been observed that the tip
affects bubble integrity as expected. Bubbles appear disturbed and broken, and
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the receideing meniscus wake is composed by micro bubbles.
Analogue signal post-processing is useful for local void fraction definition and local
time-avaraged void fraction computation. Signals coming from light detector (laser
diode) are filtered by means of a threshold technique in order to obtain, for each
acquisition, the local void fraction local. Threshold levels have been chosen in
order to adapt them automatically for each test. The zero level corresponds to the
minimum analogue output while the one level corresponds to a percentage of the
difference between the maximum and minimum, of that particular test, added to the
minimum value. Threshold levels play an important role and it has been observed
that good results are obtained maintaining the threshold close to the minimum value
(30% of signal difference). Higher threshold levels can compromise the accuracy
of bubble detecton especially if combined with wrong probe tip insertion. The
validity of this statement is well proven by the analysis of local time-avaraged void
fraction which is strongly affected by the threshold level and partially by probe
tip insertion. Results are not those expected comparing them with the analogue
signal coming from the light detector. From dat analysis it is clear that the flow
rate level strongly affects the validity of the method and it is possible to state that
the method, especially considering the local time-avaraged void fraction, is valid at
low flow rates.
Future developments
A well defined optical technique could be able to detect the advancing and receiding
plug contact angles inside the channel of a two - phase heat transfer device such
as Pulsating Heat Pipes, and consequently the flow direction. This information is
critical since in many practical application the mass flow rate, as well as the fluid
direction, is not known a priori. Besides this method could permit to study internal
flow patterns without using a glass pipe section as often happens in experimental
activities. From the analysis of frame sequences, comapring the analogue signal
trends it is possible to observe that there could be the possibility of predicting
the flow direction knowing the shape of leading and trailing edges as shown in
Figure 7.1. The implementation of signal post-processing of this thesis can permit
to built the experimental setup and make it indipendent from the complexity of the
system itself. Probe tip dimensions are related to optical fiber external cladding
diameter and, with respect to the one used in this work, smaller diameter tips
can be manufactured by external companies. This will for sure reduce the effect
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Figure 7.1: Leading and trailing edges analysis for flow direction determination
on bubble integrity and probably will permit to place the tip in different position
obtaining signals.
Using two true monofibers placed in series could allow the determination of the
bubble velocity inside the channel. This parameter is really important especially
when dealing with heat transfer devices such as PHPs. The complexity of the
industrial optical system, for exploiting this method on board sounding rockets
is really expansive especially because of the need of high vacuum solution for
reducing leaks. For this reason it could be advantageous to use this system first on
board a parabolic flight, where standards and constrints are less stricht, in order to
implement and validate it.
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”The engineer faced with a problem shall use his gathered knowledge and skills to
find A solution
The space engineer faced with a problem shall extend his knowledge and learn new
skills to find THE solution
...solving something is great, solving something in the optimal way is better ...
...welcome to the world of Space Engineering”
K. Debeule - ESA Engineer and PHOS Project mentor
